The Mlc transcription factor in Escherichia coli controls the expression of the phosphotransferase system genes implicated in the transport of glucose into the cell. Transport of glucose derepresses Mlc-repressed genes by provoking the sequestration of Mlc to the membrane, via an interaction with the dephosphorylated EIIB domain of the glucose transporter, PtsG. NagC, a paralogue of Mlc in E. coli, regulates the use of the amino sugar Nacetylglucosamine (GlcNAc). Both Mlc and NagC are members of the ROK (Repressors, ORFs and Kinases) family. Vibrio cholerae expresses a close orthologue of Mlc, VC2007, which represses the Mlc target, ptsG, in E. coli. However, VC2007 is not sensitive to growth on glucose but responds to growth on N-acetylglucosamine (GlcNAc). We show that growth on GlcNAc generates two different signals, which relieve VC2007 repression of ptsG in E. coli. The majority of the loss of repression is due to VC2007 interacting with dephosphorylated NagE, the GlcNAc-specific transporter. However, a minor part is due to VC2007 binding GlcNAc6P. These two inducing signals are independent and can be separated by mutations in VC2007 eliminating sensitivity to one or other signal. In addition we show that, although most induction of Mlc-repressed genes is dependent upon the interaction of Mlc with PtsG in E. coli, Mlc can also bind to NagE, but it is not sensitive to GlcNAc6P. These observations shed light on how ROK family homologues have evolved in their ability to sense glucose and GlcNAc and of the shift between recognition of different categories of inducer.
INTRODUCTION
The massive increase in genome sequencing efforts of the last few years has resulted in major advances in sequence analysis. Comparative genomics still basically relies on homology searches to discover, or rather predict, function and identify pathways (Plata et al., 2012; Sonnhammer et al., 2014) . These techniques work well for defined enzyme functions such as those of glycolysis and can establish the main metabolic pathways existing in an organism. However, proteins are continuously evolving and duplications and lateral gene transfer can lead to proteins acquiring new functions. Classic examples include the very different functions for the second copy of the gapA gene (glyceraldehyde-3P dehydrogenase) in Bacillus subtilis (gapB) and E. coli (epd). The gapB enzyme of B. subtilis synthesizes glyceraldehye-3P during gluconeogenesis (Fillinger et al., 2000) , while epd in E. coli encodes erythrose-4P dehydrogenase (Zhao et al., 1995) . Another example is the family of highly conserved P(II) proteins (GlnB and GlnK in E. coli but ubiquitous in bacteria, archaea and plants), which co-ordinate different facets of nitrogen metabolism by regulating the activities of enzymes, transcription factors and membrane transport proteins (Huergo et al., 2013) .
It is generally accepted that transcriptional regulatory mechanisms have undergone more extensive evolution and adaptation than the genes that they control. For example, the PRD-containing MtlR activator is well conserved in firmicutes but is subject to different regulatory PTS phosphorylations in various bacterial species (Joyet et al., 2013 (Joyet et al., , 2015 . In other cases, the type of regulatory protein is not conserved and the same set of metabolic genes can be controlled by proteins of different families. Repressor proteins from at least three protein families are involved in regulating use of N-acetylglucosamine (GlcNAc) in different bacteria. In E. coli and Gram-negative bacteria genes for the use of amino sugars are controlled by NagC, a ROK (Repressors, ORFs and Kinases) family transcription factor (Titgemeyer et al., 1994) , whereas in B. subtlis and Gram-positive bacteria the GlcNAc responsive repressor is a GntR/HutC family member (NagR) (Bertram et al., 2011; Fillenberg et al., 2015; Gaugué et al., 2014) . A genomic survey of the genes for utilization of N-acetylglucosamine in proteobacteria identified a third kind of Nag regulatory protein, a LacItype regulator (also called NagR) in the Shewanella genus (Yang et al., 2006) . Evolution of a transcription regulator to specifically control a new set of genes requires that the protein must have adapted to recognizing both a new signal and a new target on DNA (Madan Babu & Teichmann, 2003; Poelwijk et al., 2006) . In the case of the proteins controlling the set of nag catabolic genes, this has happened three times.
This work concerns signal recognition by ROK family proteins. The ROK family is characterized by a cysteine-rich conserved sequence motif ( Fig. 1) (Conejo et al., 2010) . Two major classes of proteins exist within the ROK family. The first class consists of proteins of approximately 300 amino acids length, which are sugar kinases, usually for glucose or fructose. Other ROK proteins, with an N-terminal extension of about 100 amino acids encoding a helix-turn-helix (HTH) DNA-binding domain, are transcription factors. The X-ray crystallographic structures of proteins from both the repressor and kinase classes show that the characteristic Fig. 1 . Alignment of Mlc and NagC from E. coli with VC2007 from V. cholerae. Identical amino acids and conservative replacements are shown by asterisks and colons respectively. Amino acids in blue are identical in Mlc and VC2007 or Mlc and NagC but different in the third protein. Amino acids in red are identical in NagC and VC2007 but different in Mlc. The ROK signature motif, the HTH motif and the linker are indicated. The linker joins the DNA-binding domain to the effector-binding /oligomerization domain and carries DNA binding specificity determinants for Mlc and NagC (Bré chemier-Baey et al., 2015) . The five amino acids of the glucose-binding motif are highlighted in yellow in Mlc (Schiefner et al., 2005) . The two glutamate residues (E242 and E264) and the C-terminal glycine (G405) mutated in VC2007 in this work, are also highlighted in yellow.
ROK consensus forms part of a sugar-phosphate and Znbinding structure (Miyazono et al., 2012; Schiefner et al., 2005) . The original members of the transcriptional repressor class of ROK proteins (Titgemeyer et al., 1994) were NagC in E. coli (Plumbridge, 1991 (Plumbridge, , 2001a and the family of xylose repressors (XylR) in Gram-positive bacteria (Gärtner et al., 1992; Rodionov et al., 2001; Scheler & Hillen, 1994; Sizemore et al., 1991 Sizemore et al., , 1992 . Mlc, a paralogue of NagC in E. coli, controls genes for uptake of glucose by the phosphotransferase system (PTS) (Hosono et al., 1995; Kim et al., 1999; Kimata et al., 1998; Plumbridge, 1998b Plumbridge, , 2002 Tanaka et al., 2000) .
Although Mlc and NagC are very similar (40 % identity and 70 % similarity Fig. 1 ), there is a major difference between the two proteins concerning the signals, which displace Mlc and NagC from their DNA-binding sites (Plumbridge, 2001a ). NagC can be described as a classical sugarsensitive transcription factor, which is displaced from its DNA operator by binding to the product of GlcNAc uptake, GlcNAc6P (Plumbridge, 1991) . On the other hand Mlc is sensitive to the activity of the PTS glucose transporter, PtsG. Mlc binds to membranes containing PtsG, but only when PtsG is in the dephosphorylated In the presence of glucose in the environment, glucose is transported by PtsG and is simultaneously phosphorylated producing intracellular glucose-6P (Glc6P). Mlc is sequestered to the membrane by interacting with the dephosphorylated EIIB domain of PtsG and expression of ptsG is induced. (d) Induction of VC2007-repressed ptsG in E. coli. In the presence of GlcNAc in the environment, GlcNAc is transported by NagE and is simultaneously phosphorylated giving intracellular GlcNAc6P. VC2007 is sequestered to the membrane by interacting with the dephosphorylated EIIB domain of NagE and expression of ptsG is induced (shown as a thick arrow). Secondly, a minor part of VC2007 is prevented from repressing the ptsG promoter by binding with GlcNAc6P. In addition Mlc can also bind to dephosphorylated NagE (but presumably not at the same time as VC2007).
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On: Thu, 13 Dec 2018 15:37:35 form, i.e. when it is actively transporting glucose (Fig. 2a , c) (Lee et al., 2000; Nam et al., 2001; Plumbridge, 1999; Tanaka et al., 2000) . Derepression of Mlc-repressed genes requires the phosphate transfer domain (EIIB) of PtsG to be dephosphorylated and attached to the membrane (Seitz et al., 2003) .
A bioinformatic survey of ROK repressors has shown that ROK repressors are found in about half of all bacterial genomes and can be divided into numerous subfamilies of which the NagC-and Mlc-like proteins form two distinct but related clusters (Bréchemier-Baey et al., 2015) . Both Mlc and NagC orthologues are found in Vibrio species. The NagC homologue (VC0993), which is located with the nagA1 catabolic gene, was shown to control use of GlcNAc, repressing nagE, nagA1, nagB and other genes involved in use of chitin breakdown products (Ghosh et al., 2011) . The Mlc homologue in Vibrio cholerae (VC2007) has recently been shown to control the genes of the glucose PTS system (Pickering et al., 2014) , but was also shown to have additional functions, since via its control of the PTS, it promotes biofilm formation (Houot et al., 2010; Pickering et al., 2014) . VC2007 has also been shown to affect expression of the chsBCAFGR operon for the transport and catabolism of chitosan disaccharide (GlcN) 2 although in this case it appeared to be acting as an activator (Berg et al., 2007; Meibom et al., 2004) .
The crystal structures of E. coli Mlc (IZ6R) and VC2007 (1Z05) are available and are very similar, except that the 'linker' sequence joining the N-terminal DNA-binding domain to the rest of the protein (amino acids 57-81, Fig. 1 ) was not visible in the Mlc structure. In the VC2007 structure the linker forms a long extension as a kind of 'wing' to the HTH DNA-binding motif. The linker carries the determinants, which allow Mlc and NagC to specifically bind to their targets (Bréchemier-Baey et al., 2012 , 2015 . Since Vibrio cholerae VC2007 was the only ROK repressor with a complete linker sequence visible in the crystal structure, we wanted to verify that VC2007 functioned in E. coli in the same way as Mlc.
Comparing repression by VC2007 with that by Mlc in E. coli, we found that VC2007 has characteristics of both Mlc and NagC and could thus represent an intermediate in the conversion of a ROK family repressor from glucose recognition to GlcNAc recognition (or vice versa). VC2007 effectively represses the Mlc target ptsG in E. coli but unlike Mlc, it is not sensitive to growth on glucose but rather responds to growth on GlcNAc.
METHODS
Bacteriological methods. The bacterial strains used are shown in Table 1 . We have used a single copy ptsG-lacZ transcriptional fusion to monitor repression by Mlc and VC2007. The ptsG-lacZ fusion is located in trans on a lambda lysogen (Pennetier et al., 2008) . Different deletion mutations were introduced into the lysogen by P1 transduction. Where applicable, antibiotic resistance genes surrounded by FRT sites were removed by transformation with pCP20 (Datsenko & Wanner, 2000) .
Bacteria were cultured in the synthetic MOPS medium described by Neidhardt et al. (1974) supplemented with 0.5 % cas amino acids and 0.4 % glycerol or 10 mM glucose or 10 mM GlcNAc and 1 mM cAMP for ptsHIcrr strains. For cultures with pXE1 derived plasmids 50 mg ml 21 ampicillin was also included. b-Galactosidase assays were carried out as described previously (Pennetier et al., 2008) . b-Galactosidase activities (in Miller units; Miller, 1972) were measured throughout exponential growth and values are reported for cultures with optical densities (OD 650 ) between 0.5 and 0.8. Values are the mean of at least two and generally more independent cultures.
The single copy plasmids (R1 replicon) carrying the mlc gene, pXE/Mlc, has been described (Pennetier et al., 2008) . pXE/VC2007 was constructed in pXE1 in a similar way using oligonucleotides VcROK4Xba and VcROK5Xho (Table S1 , available in the online Supplementary Material). Mlc and VC2007 are expressed from a weak constitutive promoter on the plasmid. Mutations in the mlc and vc2007 genes on the pXE plasmids were made by the 'two-rounds-of-PCR' method as described previously (Bréchemier-Baey et al., 2012; Pennetier et al., 2008) , using the oligonucleotides listed in Table S1 .
To replace mlc on the E. coli chromosome with the vc2007 gene, vc2007 was amplified with oligonucleotides 59mlc-S&D-VcROK and 39mlc-VcROK (Table S1 ) including 50 bp targeting sequences flanking the mlc ORF. The 59mlc-S&D-VcROK oligonucleotide carries an improved Shine and Dalgarno sequence adapted from Ringquist et al., (1992) . We found that we had to improve the Shine and Dalgarno sequence in the translational initiation region (TIR) to get significant repression by VC2007. Using the mlc TIR, VC2007 repressed ptsG about threefold, implying that VC2007 is less well expressed from the mlc promoter and translational initiation region than Mlc in E. coli (see online Supplementary Material).
The kanamycin resistance cassette was amplified from pKD13, using oligonucleotides ps1 and 3939mlc-ps4 (Datsenko & Wanner, 2000) . Oligonucleotide 3939mlc-ps4 has a 50 bp targeting sequence corresponding to positions 50-100 bp downstream of mlc. The two fragments were phosphorylated by polynucleotide kinase and ATP and ligated together. A fragment with the Kan
Res cassette 50 bp downstream of the 39end of vc2007 was amplified from the ligation mixture using oligonucleotides 59mlc-S&D-VcROK and 3939mlc-ps4. This fragment was electroporated into JM-G359 transformed with pKD46 expressing the lambda recombinase genes (Datsenko & Wanner, 2000) selecting for Kan Res . Bacteria where the mlc::cat gene was replaced by vc2007 were cured of the Kan Res cassette by transformation with pCP20. This left a 35 bp scar 50 bp downstream of the vc2007 replacement. A similar Kan
Res cassette was inserted and cured downstream of the wt mlc gene with no effect on regulation by Mlc. The correct vc2007 replacement was verified by sequencing a fragment amplified from the chromosome with oligos Mlc11 and Mlc118. (Note that for clarity we use the term Mlc when referring to the E. coli protein and VC2007 for the V. cholerae homologue).
RESULTS

VC2007 represses ptsG in E. coli
To confirm that the Mlc homologue of V. cholerae was a bona fide homologue of Mlc in E. coli, we examined the regulation of ptsG expression by VC2007 under the same conditions as used previously to investigate regulation by Mlc in E. coli. The vc2007 gene was inserted into the single copy plasmid used to express Mlc (Pennetier et al., 2008) . In a strain deleted for the chromosomal copies of mlc and nagC, VC2007, expressed from the plasmid, repressed ptsG-lacZ fusion about 45-fold, producing only twofold less repression than Mlc in E. coli (Fig. 3) . However, unlike in the case of Mlc, whose repression of ptsG is relieved by growth on glucose, growth on glucose had no effect on repression by VC2007. Repression was, however, partially relieved by growth on GlcNAc (Fig. 3) . As observed previously (Plumbridge, 1999) , growth on GlcNAc also resulted in some derepression of Mlc-repressed ptsG (see below). Also note that growth on both glucose and GlcNAc produces catabolite repression. The major ptsG promoter is controlled by cAMP/CAP (Plumbridge, 1998b) , so that in the absence of any repressor (vector only control bar, Fig. 3 ), expression of ptsG-lacZ is lower in both glucose and GlcNAc compared to glycerol (Plumbridge, 2001a; Deutscher et al., 2006) . DNase I footprinting with VC2007 (purified as a His-tagged protein) confirmed that VC2007 and Mlc bind to the same two operator sites in the ptsG upstream regulatory region and produce identical footprints (Fig. S1A) . We also tested binding of Mlc and VC2007 to the upstream region of the ptsG gene from V. cholerae. Both Mlc and VC2007 bound with similar affinity to two sites separated by 162 bp. A third site, adjacent to the distal site, was also protected by Mlc but only weakly by VC2007. The sequences of all three protected sites resemble the Mlc consensus operator sequence (Plumbridge, 2001b) (Fig. SIB) .
Induction of VC2007 repression requires dephosphorylated NagE
Induction of Mlc-repressed genes (e.g. ptsG) can be mimicked in vivo by use of a ptsHIcrr deletion, which results in loss of all PTS phosphorylation, so that the EIIB domain of PtsG and all other PTS transporters, including the GlcNAc transporter, NagE, are dephosphorylated, resembling the situation when they are actively transporting their substrates (Fig. 2c, d) (Plumbridge, 1999) . Note that the host bacterium is deleted for nagC, so that NagE is expressed at a high level. As in the case of Mlc, repression by VC2007 was strongly reduced in the ptsHIcrr strain (resulting in a 17-fold increase in ptsG expression) (Fig. 4) . However, unlike in the case of Mlc, loss of PtsG in the ptsHIcrr background, did not greatly affect loss of ptsG repression by VC2007. On the other hand, loss of NagE completely eliminated induction of VC2007- repressed ptsG by the ptsHIcrr mutation. This implied that loss of VC2007 repression of ptsG, during growth on GlcNAc as well as in the presence of the ptsHIcrr mutation, required NagE rather than PtsG (Fig. 2d) .
Loss of PtsG reduced the expression of ptsG-lacZ in the presence of Mlc in the ptsHIcrr strain but did not eliminate it. However, the absence of both NagE and PtsG eliminated all induction of Mlc-repressed ptsG by the ptsHIcrr mutation (Fig. 4) . This suggested that derepression of Mlc-repressed ptsG in the ptsHIcrr strain could involve NagE as well as PtsG (see below).
GlcNAc6P also partially relieves VC2007 repression
The inducing signal for NagC is GlcNAc6P and a convenient way to generate this inducing signal is via a nagA mutation. Loss of nagA (encoding GlcNAc6P deacetylase) results in the accumulation of GlcNAcP from interruption of the peptidoglycan recycling process (Park, 2001; Plumbridge, 2009; White, 1968) . The endogenous accumulation of GlcNAc6P results in the induction of NagCrepressed genes during growth on non-amino sugar containing media (Pennetier et al., 2008) . We tested the effect of a nagA mutation alone on repression by VC2007 and found a small (about threefold) increase in expression compared to wt (Fig. 4) . There was also a similar increase in expression in a strain carrying a complete deletion of the nag operon (nagEBACD), in which both nagE and nagA are deleted, so that the nagA-dependent induction does not depend upon NagE. Derepression of VC2007-repressed ptsG in the presence of ptsHIcrr and nagA mutations (22-fold) was similar to or only a little higher than in the presence of the ptsHIcrr mutation alone (17-fold).
On the other hand the combined ptsHIcrr nagEBACD mutations gave the same level of expression as the nagA or nagEBACD mutations alone (threefold increase). The loss of nagE (in the nagEBACD strain) eliminated all induction by ptsHIcrr (Fig. 4) . Thus VC2007 is responding to two VC2007 Vector Mlc ptsG-lacZ (β-galactosidse units)
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Gly Glc GlcNAc 1500 1000 500 0 Fig. 3 . Expression of VC2007-repressed ptsG is induced by growth on GlcNAc. JM-G359 (Dmlc DnagC lRS415/ptsG-lacZ), transformed with pXE/Mlc, pXE/VC2007 or the vector, pXE1, was grown in enriched MOPS medium with glycerol, glucose or GlcNAc and the level of expression of ptsG measured. b-Galactosidase activities (Miller units; Miller, 1972) are the mean plus standard deviation of at least two (and usually more) independent cultures. inducing signals, which seem to be independent and possibly additive but not synergistic. There is no evidence that induction via an interaction with NagE is enhanced in the presence of GlcNAc6P. However, even in the ptsHIcrr nagA strain, expression of ptsG-lacZ is only about 50 % the maximum expression observed in the complete absence of any repressor (in the presence of the vector plasmid). Finally, it can be noted that repression by Mlc was not at all affected by the nagA mutation.
Mutations in VC2007 distinguish between the two inducing signals
We previously characterized mutations in the C-terminal glycine (G406) of Mlc, which prevented the induction of Mlc-repressed genes (Pennetier et al., 2008) . The Cterminal carboxylate of G406 is required for the interaction of Mlc with PtsG as shown by the Mlc-EIIB Glc crystal structure (Nam et al., 2008) . We also characterized several mutations in the cleft between the two subdomains of the C-terminal effector/dimerization domain of NagC, which prevented loss of NagC repression by GlcNAc6P and appeared to define the GlcNAc6P binding site (Pennetier et al., 2008) . These amino acids correspond to some of the sugar-binding residues of the ROK motif, which are mostly conserved in Mlc and other ROK family proteins (Conejo et al., 2010; Miyazono et al., 2012) . However, mutation of these residues in Mlc had no effect on induction of Mlc-repressed genes (Pennetier et al., 2008) . The C-terminal glycine and the ROK motif residues implicated in sugar binding are also conserved in VC2007 (Fig. 1) . We made mutations in the C-terminal glycine (G405A and the addition of a histidine tag, called +406His6) and in two glutamate residues in the ROK motif (E242A and E264A). Mutation of G405A or addition of the His6 tag prevented the increase in ptsG expression during growth on GlcNAc (Fig. 5) . Mutations in either of the two glutamate residues, on the other hand, had no strong effect on expression of ptsG in the presence of GlcNAc.
To investigate whether the two putative inducing signals were acting independently on VC2007, we tested each of the VC2007 mutant proteins in the ptsHIcrr and nagA strains (Fig. 6) . Mutations in the C-terminal G405 (+406His6 and G405A) prevented all increase in ptsG expression by ptsHIcrr (strain A, hatched columns) whereas the mutations in E242 and E264 had no or only a small effect on ptsG expression in the ptsHIcrr strain (strain A, dotted columns. Mutations E242A and E264A (strains D and E, dotted columns) prevented the threefold increase in ptsG expression due to the nagA mutation whereas the G405 mutants behaved as wild-type (strains D and E, hatched columns). Testing the effect of the mutations in VC2007 in the strain mutated for both ptsHIcrr and nagA showed that the two induction mechanisms are mostly independent (Fig. 6 strain B) . The G405 mutants are still sensitive to the GlcNAc6P, which accumulates in the ptsHIcrr nagA strain producing a threefold higher ptsG expression (strains B and C, hatched columns). The glutamate mutations in the putative GlcNAc6P binding site, (E242A and E264A) still allow some induction by the ptsHIcrr mutation in the nagA strain, but it is reduced compared to ptsHIcrr alone (compare dotted columns, strains B and A). (This might be indicative of some connection between the two signalling pathways to the DNAbinding domain.) On the other hand, in the ptsHIcrr nagE-BACD bacteria, all induction of ptsG repression by the E242A and E264A mutations is eliminated (strain C, dotted columns). The glutamate mutations prevent any induction due to the GlcNAc6P (generated by the nagA mutation) and the absence of NagE prevents any induction via membrane sequestration to NagE. The ptsHIcrr nagE-BACD strain behaves like the single nagEBACD or nagA mutations. Only the wt VC2007 and the G405 mutations respond to GlcNAc6P allowing a threefold increase in ptsG expression.
Comparing these results with the previous results obtained for NagC and Mlc (Pennetier et al., 2008; Plumbridge, 1991; Plumbridge, 1999) , we conclude that in the E. coli context and when expressed from a plasmid, VC2007, is sensitive to two inducing signals, the state of phosphorylation of NagE and the presence of GlcNAc6P.
Expression of VC2007 from the chromosome is also sensitive to two inducing signals. VC2007 is an efficient repressor of ptsG Although the pXE plasmids are single copy vectors, expression of Mlc from the pXE plasmid represses ptsG nearly 10-fold more strongly than when Mlc is expressed from its chromosomal locus (Pennetier et al., 2008) . To verify that the dual signal recognition of VC2007 was not due to a potentially high-level expression from the plasmid, we replaced mlc on the chromosome of E. coli with the vc2007 gene. We had to modify the TIR of mlc to get a reasonable level of repression of ptsG when VC2007 was expressed from the mlc promoter.
Expression of ptsG in the strain with vc2007 replacing mlc was induced about fourfold by growth on GlcNAc and about sevenfold by the absence of PTS phosphorylation (in the ptsHIcrr mutant) (Fig. 7) . It was also induced about twofold by the presence of the nagA mutation. These values are similar to but slightly lower than the values obtained with the plasmid construct (Fig. 3) . The level of repression produced by VC2007 in this chromosomal context or from the plasmid are comparable (34 versus 47-fold) and intermediate between repression by Mlc from its chromosomal locus (about 10-fold) or from the plasmid (about 100-fold). We used Western blotting (with polyclonal antibodies against Mlc, which also reacted with VC2007) to measure the intracellular protein levels of Mlc and VC2007 (Fig. S2) . The protein levels well reflected the levels of repression observed. The Mlc level from the plasmid was sevenfold higher than from the chromosome whereas VC2007 was similar from both chromosome and plasmid (about threefold higher than Mlc from the chromosome). Calculating the relative factor of repression per mole of Mlc or VC2007 in the bacteria gave similar values (between 3.6 and 6.3), implying that the two proteins are repressing ptsG with similar efficiency (Fig. S2) . This result agrees with the DNase I footprinting, which showed that the two proteins have equal binding affinity for the ptsG operator (Fig. S1 ).
Mlc is sequestered by NagE as well as PtsG
If loss of Mlc-repression of ptsG only involves Mlc sequestration by PtsG, (Fig. 2c) (Lee et al., 2000; Nam et al., 2001; Plumbridge, 1999; Tanaka et al., 2000) , loss of PtsG in the ptsHIcrr background should eliminate all induction of ptsG expression by the ptsHIcrr mutation. However, the data of Fig. 4 showed that deletion of ptsG only reduced the ptsHIcrr-provoked induction of Mlc-repressed ptsG by about threefold. On the other hand, the simultaneous deletion of ptsG and nagE eliminated all induction of Mlc-repressed ptsG. This implied that NagE, as well as PtsG, was able to sequester Mlc to the membrane away from the ptsG promoter, at least when Mlc was expressed from the pXE/Mlc plasmid. Since Mlc is more strongly expressed from the plasmid than from the chromosome (Fig. S2) binding of Mlc to NagE could be a consequence of its higher concentration in the cell. Moreover, the bacterial strains used with plasmid-expressed Mlc or VC2007 are deleted for nagC as well as mlc, so that NagC regulated genes, including NagE, are overexpressed. To verify that Mlc, when expressed from its native site on the chromosome, was also capable of interacting with NagE, we compared expression of the ptsG-lacZ fusion in ptsHIcrr but mlc + cells carrying ptsG and nagE deletions. The ptsHIcrr mutation provoked an eightfold increase in ptsG-lacZ expression (Fig. 8) . The ptsG deletion eliminated most of this induction by the ptsHIcrr mutation and including a nagE mutation had no or only a minimal effect. However, in a ptsHIcrr nagC ptsG strain, which overexpresses NagE, ptsG expression was increased and this increase was eliminated by including a nagE mutation. In the ptsHIcrr nagC ptsG nagE strain, expression of ptsG returned to the basal level as in the wild-type ( ptsHIcrr + ) strain (Fig. 8) . This confirms that Mlc can be sequestered to membranes by both PtsG and NagE but that sequestration by NagE is only significant when the NagE level is high (e.g. due to loss of nag repression by the NagC transcriptional repressor). On the other hand, VC2007 can only interact with NagE; loss of PtsG had no effect (Fig. 4) . 
DISCUSSION Evolution of Mlc family signal recognition
In this work we have studied the heterologous repression of ptsG in E. coli by the ROK family protein, VC2007 from V. cholerae. Initially performed as a simple control to verify that the VC2007 protein, on which our structural model of the linker region in Mlc and NagC was based (Bréchemier-Baey et al., 2012; Bréchemier-Baey et al., 2015) , functioned as predicted in E. coli; the study has revealed an interesting facet of the evolution of the ROK family. In particular it sheds light on how the induction by sugar-phosphate binding (as for NagC) might have evolved into the membrane sequestration mechanism of induction observed for Mlc in E. coli (Lee et al., 2000; Nam et al., 2001; Plumbridge, 1999; Tanaka et al., 2000) . VC2007 appears to have characteristics of both Mlc and NagC. Like Mlc, displacement of VC2007 from its operator requires a membrane-bound PTS transporter. For VC2007 the only transporter recognized is NagE, whereas for Mlc, although the major inducing signal is provided by PtsG, Mlc can also respond to NagE. Secondly, like NagC, VC2007 has retained some sensitivity to high intracellular concentrations of GlcNAc6P, which produce a two-to threefold loss in VC2007 repression. Thus the clear conclusion from the results reported here is that in E. coli, VC2007 is capable of recognizing two independent inducing signals. The strongest signal is generated by dephosphorylated NagE, but high concentrations of GlcNAc6P constitute a second minor signal (Fig. 2b, d ).
Although we have not formally demonstrated that VC2007 is sequestered to dephosphorylated NagE contained in E. coli membranes, we think that the genetic evidence with Mlc, where the membrane attachment has been demonstrated (Lee et al., 2000; Tanaka et al., 2000; Nam et al., 2001) , is sufficiently strong to justify this analogy.
It is generally accepted that new functions of proteins arise by gene duplication and functional divergence of new individuals under specific environmental constraints. However, the pathway to acquiring new functions is usually unknown (Poelwijk et al., 2006 (Poelwijk et al., , 2011a de Vos et al., 2013) . The VC2007 protein described here seems to be midway in the pathway of adaptation from sugar recognition of NagC and membrane sequestration for Mlc. Interaction with a protein inducer is a rarer and would appear to be a more sophisticated induction mechanism than a simple sugar recognition. It seems likely that the evolutionary starting point for the Mlc and NagC family division was a classical repressor, recognizing a small molecule inducer, e.g. a sugar-phosphate-like glucose-6P or GlcNAc6P. In one scenario, starting from an ancestral NagC-like protein, VC2007 has almost lost the ability to bind GlcNAc6P, but at the same time it acquired the ability to interact with the NagE transporter. The specificity of this interaction with a membrane-bound transporter would then have to have become broader in Mlc to allow regulation of glucose uptake via PtsG, although some recognition of NagE remains. The existence of numerous glucose kinases within the ROK family and the conservation of the sugar-binding residues suggests another possible scenario. Mlc could have originated as a glucose-6P binding protein. However, this compound lacks specificity for glucose uptake since it is also formed intracellularly via metabolic processes such as gluconeogenesis. As a consequence an ability to interact with the transporter was exploited to allow specific ptsG-dependent induction. A weak potential of Mlc to interact with NagE then became an exclusive interaction with NagE in VC2007.
Recognition of multiple inducing signals by transcriptional regulatory proteins
Structural analysis identified a common sugar-binding motif in ROK kinases and non-ROK sugar kinase families (Conejo et al., 2010; Schiefner et al., 2005) . The key residues, His194, Asp195, Glu244, His247 and Glu266, are conserved in Mlc, NagC and VC2007, except His194, which is an Asn in VC2007 (Fig. 1, Mlc numbering) . Mutation of His194, Glu244 or Glu266 in NagC resulted in repressors, which were no longer inducible by GlcNAc6P (Pennetier et al., 2008) and so these amino acids were presumed to be part of the GlcNAc6P binding site. As shown here, mutations in two of these equivalent positions in VC2007, Glu242 and Glu264, resulted in loss of the GlcNAc6P sensitive induction, without affecting the induction by interaction with NagE. However, the same mutations in Mlc had no effect on repression (Pennetier et al., 2008) and Mlc was found not to bind to glucose or glucose-6P (Schiefner et al., 2005) . Thus changes in some other positions of Mlc must ) and derivatives with the mutations indicated were grown in glycerol medium and bgalactosidase activities were measured as in Fig. 3. have led to the loss of the capacity to recognize and respond to glucose-6P. Meanwhile, Mlc acquired the ability to interact with the membrane via binding with EIIBGlc. The crucial residue for this interaction is the C-terminal Gly406 of Mlc (Nam et al., 2008; Pennetier et al., 2008) .
The three repressor proteins share only 26.4 % identical amino acids but pairwise comparison of the three proteins gives much higher scores: 39.7 % for Mlc with NagC and slightly higher values for Mlc with VC2007 (45.0 %) and for NagC with VC2007 (42.4 %). Thus VC2007 shares somewhat more similarities with Mlc or NagC than Mlc and NagC share with each other. The sequences strongly conserved in the three proteins are the ROK specific signature sequences of the sugar binding and Zn binding domains (amino acids 240-270) (Miyazono et al., 2012; Schiefner et al., 2005) and the HTH DNA-binding domain (amino acids 23-56) (Fig. 1) . The amino acids that are common in NagC and VC2007 but different in Mlc (shown in red in Fig. 1 ) are predominantly in the centre of the protein, adjacent to the ROK specific signature (amino acids in region 190-240). Changes in these positions are candidates for being involved in the loss of sugar-phosphate recognition by Mlc. On the other hand, the specific identities between Mlc and VC2007 are rather in the C-terminal 50 amino acids and in the beginning of the C-terminal domain (amino acids 67-152, Fig. 1 shown in blue). Amino acids in these regions are thus candidates to be implicated in the interaction of Mlc and VC2007 with PtsG/NagE in the membrane. NagE and PtsG are homologous members of the glucose family of PTS transporters (Lengeler et al., 1994; Postma et al., 1996) . In E. coli nagE encodes a three-domain (EIICBA) protein while nagE in V. cholerae and ptsG in both bacteria encode only two domain, EIICB, proteins. The presence of the C-terminal EIIA domain apparently does not prevent interaction with Mlc or VC2007. Considering just the EIIB domains, the two PtsG proteins are 74 % identical but all other pairwise combinations show they are only about 40 % identical. The potential partner for VC2007 in V. cholerae must be determined experimentally. It must be emphasized that we have only studied VC2007 in a heterologous context in E. coli. In V. cholerae VC2007 was shown to repress expression of the ptsHI and ptsG genes in both the presence and absence of glucose (Pickering et al., 2014) . Although a bona fide NagC homologue is found as part of the nagE-nagA-nagC gene cluster on the main V. cholerae chromosome (Ghosh et al., 2011) , it would be interesting to see if VC2007 does respond to GlcNAc in V. cholerae, as it appears to do in E. coli.
One unexplained observation from the present experiments is that induction of VC2007-repressed genes is never complete in vivo, whether it be by growth in GlcNAc or by the presence of ptsHIcrr and nagA mutations. This is not a consequence of an excess of VC2007 protein because, as measured by Western blot, the amounts of Mlc and VC2007 are similar (Fig. S2) , they produce comparable repression levels in vivo and have a similar affinity for their DNA targets (Fig. S1) . A feasible explanation is that the affinity of VC2007 for the NagE protein of E. coli in the heterologous system is lower than that of Mlc for PtsG in E. coli. The affinity of VC2007 for NagE or even PtsG in V. cholerae could conceivably be higher than for the E. coli equivalents. Another possibility is that the membrane sequestration could require another unidentified component, which is either non-existent or nonoptimal in E. coli. Indeed there might be a novel signal in V. cholerae, which is not found and recognized in E. coli. In this case the sequestration of VC2007 to the membrane and the recognition of GlcNAc6P would indeed be relics of the evolutionary process.
The only other members of the ROK family studied in detail are the family of XylR from various firmicutes (Gärtner et al., 1992; Scheler & Hillen, 1994; Sizemore et al., 1992) . As well as responding to the specific inducing signal, xylose, their activity is also affected by glucose and glucose-6P. This, however, is probably via binding to the same sugar (sugar-phosphate) binding site to which xylose binds (Dahl et al., 1995) . Regulatory proteins, which recognize more than one type of signal, are not common. One well-studied example is the catabolite repressor protein from B. subtilis, CcpA, (a LacI family protein). CcpA requires a protein co-factor P-Ser-HPr, (HPr phosphorylated on Ser46) to bind to most and probably all of its DNA targets in vivo (Deutscher et al., 2006) . The structure of the DNAbinding domain of CcpA is significantly modified by binding P-Ser-HPr. In addition, the DNA-binding mode of the complex is buttressed by fructose-1,6-bisphosphate binding in a cleft between the two subdomains of the effector binding domain (Schumacher et al., 2007) . This location resembles the glucose(-6P) binding site in the ROK glucose kinase of Streptomyces griseus (Miyazono et al., 2012) and the proposed GlcNAc6P binding site in NagC (Pennetier et al., 2008) .
Specificity of the Mlc inducing signal
In E. coli VC2007 only interacts with NagE whereas, as we have shown, Mlc is capable of binding both PtsG and NagE. Normally it must be assumed that during growth on glucose, PtsG is the primary inducing signal because NagE levels are low. However, we previously showed that growth of E. coli on many PTS sugars, including GlcNAc, trehalose or mannitol, produced significant increases in expression of Mlc-regulated genes like ptsG and ptsH (Plumbridge, 1999) . At that time we interpreted the partial induction of Mlc-repressed genes during growth on GlcNAc and other PTS sugars as due to dephosphorylation of their specific sugar PTS transporters and subsequent re-equilibration of the high-energy PTS phosphate residues between the other members of the PTS phosphorylation cascade: HPr, EIIA Glc and other EIIB domains including PtsG (Plumbridge, 2001a) . The present work, while not excluding such an explanation, has shown that the induction by GlcNAc can be via a direct effect of dephosphorylated NagE on Mlc.
However, the observation that a mutation in ptsG strongly reduces induction of Mlc-repressed genes during growth on GlcNAc (Plumbridge, 1999; and unpublished observations) , supports the hypothesis that during the uptake of GlcNAc loss of Mlc-repression occurs via the reequilibration of phosphates amongst other PTS proteins, including PtsG, so that Mlc can bind to dephosphorylated PtsG. It might be interesting to examine whether the induction of Mlc-repressed genes by other PTS sugars like mannitol or trehalose is only indirect, via re-equilibration of phosphate residues amongst PTS components or whether their transporters are also capable of facilitating the sequestration of Mlc to the membrane.
Mlc functions as a global regulator of PTS sugars use. Although ptsG is specific for glucose transport, other Mlc targets are not sugar-specific: the ptsHIcrr operon encoding the common central components of the PTS is required for all PTS sugars and the manXYZ operon encodes a rather generic transporter capable of transporting several hexoses (Curtis & Epstein, 1975; Plumbridge, 1998a) . Thus a generalized interaction of Mlc with several PTS transporters, resulting in its membrane sequestration, cannot be excluded. This hypothesis would support the notion that it is the contact with the membrane per se, which is the inducing signal and which somehow changes the Mlc conformation so that it loses affinity for DNA (Nam et al., 2008; Tanaka et al., 2004) .
